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Self-renewalAdult stem cells are the most primitive cells of a lineage and are distinguished by the properties of self-
renewal and multipotency. Coordinated control of stem cell proliferation and multilineage differentiation is
essential to ensure a steady output of differentiated daughter cells necessary to maintain tissue homeostasis.
However, little is known about the signals that coordinate stem cell proliferation and daughter cell
differentiation. Here we investigate the role of the conserved JAK/STAT signaling pathway in the Drosophila
intestinal stem cell (ISC) lineage. We show ﬁrst, that JAK/STAT signaling is normally active in both ISCs and
their newly formed daughters, but not in terminally differentiated enteroendocrine (ee) cells or enterocyte
(EC) cells. Second, analysis of ISC lineages shows that JAK/STAT signaling is necessary but not sufﬁcient for
daughter cell differentiation, indicating that competence to undergo multilineage differentiation depends
upon JAK/STAT. Finally, our analysis reveals JAK/STAT signaling to be a potent regulator of ISC proliferation,
but not ISC self-renewal. On the basis of these ﬁndings, we suggest a model in which JAK/STAT signaling
coordinates the processes of stem cell proliferation with the competence of daughter cells to undergo
multilineage differentiation, ensuring a robust cellular output in the lineage.
© 2009 Elsevier Inc. All rights reserved.Introduction
Adult stem cell populations are present in a variety of tissues and
function throughout the lifetime of an organism to maintain
homeostasis. The dual characteristics of self-renewal andmultipotency
make stem cells ideally suited for this central role. In a variety of tissue
systems, adult stem cells have been shown to reside in specialized
microenvironments called niches, which regulate stem cell behavior at
baseline homeostasis and dynamically respond to changing environ-
mental stimuli by modulating lineage output (reviewed in Jones and
Wagers, 2008). The coordinated control of stem cell proliferation and
multilineage differentiation is essential to ensure a steady output of
differentiated daughter cells at baseline homeostasis and in response
to changing environmental conditions. However, little is currently
known about the factors that coordinate these processes.
The ability to identify, mark and manipulate individual stem cell
lineages hasmadeDrosophila an excellentmodel systemwithwhich to
dissect stem cell regulation. In the adult Drosophila midgut, for
example, the stem cell compartment is comprised of individual
intestinal stem cells (ISCs) that are dispersed throughout the entirety
of the tissue (Figs. 1A–D; Micchelli and Perrimon, 2006; Ohlstein and
Spradling, 2006). ISCs have a pyramidalmorphology and are located in).
ll rights reserved.an epithelial niche distant from themidgut lumen and adjacent to both
the basement membrane and surrounding visceral musculature of the
midgut. ISCs are multipotent and give rise to a lineage that consists of
two types of differentiated daughters, the enteroendocrine (ee) cells
and the enterocyte (EC) cells. Together, these cell populations form a
cellular monolayer lining the length of adult midgut.
The Janus Kinase/Signal Transducer and Activator of Transcription
(JAK/STAT) pathway is a conserved signal transduction pathway that
has been implicated in a number of distinct developmental and
disease processes (reviewed in Arbouzova and Zeidler, 2006). In
Drosophila, the JAK/STAT pathway utilizes a set of core signaling
components: a transmembrane receptor encoded by domeless
(dome), a single JAK tyrosine kinase encoded by hopscotch (hop),
the transcription factor stat92E, and unpaired (upd), as well as two
related ligands encoded by upd2, upd3. Binding of Upd ligands to the
Dome receptor leads to activation of Hop, a receptor-associated
kinase, which has at least two substrates, Hop and Dome. Cytoplasmic
Stat92E can bind to phosphorylated Dome/Hop complexes via SH2
domains. Once bound to the Dome/Hop complex, Stat molecules are
also phosphorylated and form Stat dimers, which translocate to the
nucleus and activate downstream transcriptional targets.
Phenotypic analysis in Drosophila has revealed that the JAK/STAT
signaling pathway is a versatile regulator of stem cell populations and
their cell lineages (reviewed in Fuller and Spradling, 2007; Gregory et
al., 2008). Evidence suggests that JAK/STAT is necessary for the
maintenance of germline and somatic stem cells and functions as a
Fig. 1. The adult Drosophila midgut is maintained by a population of multipotent
intestinal stem cells (ISCs). (A) Diagram of the adult midgut in cross section. ISCs
(green) occupy an epithelial niche adjacent to the basementmembrane and the visceral
muscle (red). ISCs give rise to two types of differentiated daughters, enteroendocrine
(ee) cells (blue) and enterocytes (ECs; orange). (B) A model of ISC division; the ISC
undergoes self-renewal and generates a daughter cell or enteroblast (EB), which can
become either an ee or an EC cell. Speciﬁcation of the EC cell fate requires N signaling.
(C, D) All micrographs display superﬁcial views of the midgut, except where indicated.
(C) Lowmagniﬁcation view in cross section; esgNGFP (green) and phalloidin (red). (D)
High magniﬁcation view of midgut in cross section showing a newly divided ISC; vkg-
GFP (green), esg-lacZ (red) and phalloidin (blue). CM (circumferential muscle), LM
(longitudinal muscle), BM (basement membrane).
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Tulina and Matunis, 2001; Deccota and Spradling, 2005; Singh et al.,
2007). JAK/STAT signaling is also required in the ovary for subsequent
differentiation and maintenance of speciﬁc cell types (Baksa et al.,
2002; Ghiglione et al., 2002; McGregor et al., 2002; Silver et al., 2005).
Recent studies in the adult midgut indicate that JAK/STAT signaling is
a central mediator of adaptive homeostasis following a variety of
experimental challenges including bacterial infection, directed cell
ablation or stress signaling (Buchon et al., 2009; Jiang et al., 2009;
Cronin et al., 2009). Collectively, these studies support a model in
which JAK/STAT ligands are induced in response to challenge and
stimulate ISC activity.
In this study, we investigate the role of the JAK/STAT pathway
within the ISC lineage under conditions of baseline homeostasis.
We show that JAK/STAT signaling is normally active in both ISCs
and their newly formed daughters, but not in terminally differen-
tiated enteroendocrine (ee) cells or enterocyte (EC) cells. We also
show that cell autonomous loss of JAK/STAT signaling from
individual ISC lineages results in a failure of ee and EC cell fate
speciﬁcation. Previous studies indicate that Notch signaling is a
critical regulator of cell fate in the ISC lineage (Micchelli and
Perrimon, 2006; Ohlstein and Spradling, 2006, 2007). Genetic
analysis demonstrates that the transcription factor, stat92E, is
epistatic to Delta/Notch (Dl/N) signaling in cell fate speciﬁcation,
suggesting that the JAK/STAT pathway functions downstream or in
parallel to Dl/N signaling in newly formed ISC daughters. Finally,
our analysis shows that JAK/STAT signaling is a potent regulator of
ISC proliferation; tests revealed little evidence that JAK/STAT is
required for ISC self-renewal. Thus, JAK/STAT signaling has dual,
yet separable requirements in the undifferentiated cells of the ISC
lineage. On the basis of these ﬁndings, we suggest a model in
which JAK/STAT signaling coordinates the processes of stem cellproliferation with the competence of daughter cells to undergo
multilineage differentiation.
Experimental procedures
Drosophila strains and culture
w; 10XSTAT92E-GFP and w; 10XSTAT92E-GFPdestablized (transcrip-
tional reporters of JAK/STAT activity; Bach et al., 2007). upd1-Gal4
(Tsai and Sun, 2004). w; upd3-Gal4 (Agassie et al., 2003). stat92EF
(temperature sensitive allele; Baska et al., 2002). w; FRT82B
stat92E85C9/ TM6B-GFP (missense mutation generated by EMS; Silver
and Montell, 2001). FRT82B stat92E06346/TM3 (also called stat92EP1681,
null allele; Hou et al., 1996). hopC111 FRT19A/FM7 (null allele; Binari
and Perrimon, 1994). y, w; UAS-hopTum/Cyo-GFP (activated form of
hop, Harrison et al., 1995).w; UAS-Upd/Cyo-GFP (Harrison et al., 1998).
w; UAS-NECN(A dominant negative form of N; Rebay et al., 1993). w,
N55e11 FRT19A/FM7 (null allele; Kidd et al., 1986). ry506, p[GBE + Su(H)
m8, ry+, lacZ] (Su(H)GBE-lacZ; Furriols and Bray, 2001). w; UAS-Nintra/
Cyo (Struhl et al., 1993). ry506, Dl05151(Dl-lacZ; Röttgen et al., 1996). w;
UAS-Dl.H (Johnson and Knust, 1996). vkg-GFP (collagen IV-GFP protein
trap; Morin et al., 2001).w, tubGAL80, hsFLP FRT19A; UAS-lacZ nuc , UAS-
mCD8GFP; tubGal4 (Bello et al., 2003). y, w,UAS-GFP, hsﬂp; tubGal4,
FRT82B tubGal80/TM6B (Lee and Luo, 1999). w; FRT19A and w; FRT82B
hsπM (these stocks were used as a wild type control in the mosaic
analysis performed in this study; Xu and Rubin, 1993). w; esg-Gal4/
Cyo (Goto and Hayashi, 1999). w; esg-Gal4 , UAS-GFP (Micchelli and
Perrimon, 2006). w; esg-Gal4 , UAS-GFP , tubGal80TS (Micchelli and
Perrimon, 2006). y, w; esgK606/Cyo (esg-lacZ; Samakovlis et al., 1996).
y, w, hsFLP: AyGal4, UAS-GFP (Flp-out clones; Ito et al., 1997). Crosses
were cultured on standard dextrose media and transferred to fresh
food supplemented with yeast paste every 1–2 days during the
experimental period. Crosses were reared at 18, 25, or 29 °C, in
passively illuminated and humidiﬁed incubators. In this study adult
female ﬂies of the following genotypes were analyzed:
Fig. 1:
w ; esg-Gal4, UAS-GFP
vkg-GFP/esgK606
Fig. 2 and S1:
y, w/w ; esgK606/10XSTAT92E-GFP.
w/+ ; 10XSTAT92E-GFP/+ ; ry506, Dl05151/+.
w ; 10XSTAT92E-GFP.
w/+ ; 10XSTAT92E-GFPD/+.
w/+ ; 10XSTAT92EGFPD/+ ; ry506, p[GBE+Su(H)m8, ry+, lacZ]/+.
w/ y,w, UAS-mCD8GFP; upd1-Gal4/esgK606.
w; upd3-Gal4, UAS-GFP.
Fig. 3, S2, S3, S5, and S6:
stat92EF/ FRT82B stat92E06346
y, w, hsFLP, UAS-GFP/w; +; FRT82B hsπM/tubGal4, FRT82B tubGal80.
y, w, hsFLP, UAS-GFP/w;+; FRT82B stat92E85C9/ tubGal4, FRT82B tubGal80.
w , tubGal80 , hsFLP FRT19A/hopC111 FRT19A ; UAS-lacZ nuc , UAS-
mCD8GFP/+ ; tubGAL4/+.
y,w, hsFLP,UAS-GFP/+;+; FRT82B stat92E06346/ tubGal4, FRT82B tubGal80.
y, w, hsFLP, UAS-GFP / +; UAS-Dl/+ ; FRT82B stat92E06346/ tubGal4,
FRT82B tubGal80.
y, w, hsFLP, UAS-GFP / w, UAS-NRNAi; +; FRT82B stat92E06346/
tubGal4, FRT82B tubGal80.
Fig. 4:
y, w, hsFLP, UAS-GFP / w; esg K606 /+; FRT82B hsπM/ tubGal4, FRT82B
tubGal80.
y, w, hsFLP, UAS-GFP / w; esg K606 / +; FRT82B stat92E85C9 / tubGal4,
FRT82B tubGal80.
y,w, hsFLP, UAS-GFP /w;+; FRT82B stat92E85C9/ tubGal4, FRT82B tubGal80.
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y, w, hsFLP, UAS-GFP / w;+; FRT82B hsπM / tubGal4, FRT82B tubGal80.
y, w, hsFLP, UAS-GFP / w; UAS-Dl / +; FRT82B hsπM / tubGal4, FRT82B
tubGal80.
y, w, hsFLP, UAS-GFP / w; UAS-Dl / +; FRT82B stat92E85C9 / tubGal4,
FRT82B tubGal80.
y, w, hsFLP, UAS-GFP / w ; UAS-Nintra / +; FRT82B hsπM / tubGal4,
FRT82B tubGal80.
y, w, hsFLP, UAS-GFP / w ; UAS-Nintra / +; FRT82B stat92E85C9 /
tubGal4, FRT82B tubGal80.
ry506, p[GBE+Su(H)m8,ry+, lacZ]
Fig. 6:
w , tubGAL80 , hsFLP FRT19A / N55e11 FRT19A ; UAS-lacZ nuc , UAS-
mCD8GFP / + ; tubGAL4 / +.
y, w, hsFLP, UAS-GFP / w, UAS-NRNAi; +; FRT82B hsπM / tubGal4,
FRT82B tubGal80.
y, w, hsFLP, UAS-GFP /w, UAS-NRNAi; +; FRT82B stat92E85C9 / tubGal4,
FRT82B tubGal80.
Fig. 7:
y, w, hsFLP, UAS-GFP / w; +; FRT82B hsπM / tubGal4, FRT82B tubGal80.
w , tubGal80, hsFLP FRT19A / hopC111 FRT19A ; UAS-lacZnuc , UAS-
mCD8GFP / + ; tubGal / +.
y, w, hsFLP, UAS-GFP / w; +; FRT82B stat92E85C9/ tubGal4, FRT82B
tubGal80.
Fig. 8:
w ; esgGal4 , UAS-GFP , tubGal80TS / +.
w; esgGal4 , UAS-GFP , tubGal80TS / UAS-upd.
w; esgGal4 , UAS-GFP , tubGal80TS / + ; UAS-NECN / +.
w; esgGal4 , UAS-GFP , tubGal80TS / UAS-upd ; UAS-NECN / +.
y, w, hsFLP/ w; AyGal4, UAS-GFP/ UAS-upd.
y, w, hsFLP, UAS-GFP /y, w; UAS-hopTum/ +; FRT82B hsπM / tubGal4,
FRT82B tubGal80.
Mosaic analysis
Positively marked ISC lineages were generated using the MARCM
system.MARCM cloneswere induced by placing experimental ﬂy vials
in a 37 °C water bath for 35–45 min. Induction protocols consisted of
2–3 heat pulses within a 24-h period and were performed within the
ﬁrst 5–10 days of adulthood. Expression of UAS-upd using the Flp-out
technique was performed by subjecting experimental ﬂies to a single
30min heat shockwithin the ﬁrst 5–10 days of adulthood (Figs. 8C, D).
Temperature shift experiments
Two different temperature shift analyses were performed in this
study (Figs. 3A, B and Figs. 8A, B). In both cases, we established and
cultured crosses at 18 °C until collection of F1 progeny. In the stat92ETS
analysis (Figs. 3A, B), we divided F1 progeny into two equal pools,
maintaining controls at 18 °C and shifting the experimental group to
29 °C for 14 days. For the series of experiments shown in Figs. 8A and B,
all F1 adult progenywere aged 4–7 days at 18 °C andwere then shifted
to 29 °C for 48 h prior to dissection.
Histology
Adult ﬂies were dissected in 1× PBS (Sigma, USA). The gastroin-
testinal tract was removed and ﬁxed in a ﬁnal solution of 0.5× PBS
(Sigma, USA) and 4% electron microscopy grade formaldehyde
(Polysciences, USA) for a minimum of 30 min. Samples were washed
in 1× PBS+0.1% Triton×100 (PBST) for 2 h, then incubated with
primary antibodies overnight. Samples were washed in PBST for 2 h
then incubated with secondary antibodies for 3 h. Finally, samples
were washed in PBST overnight. Mounting media containing DAPI(Vectashield, USA) was added and samples were allowed to clear for
1 h prior to mounting. All steps were completed at 4 °C with no
mechanical agitation.
BrdU incorporation experiments
Flies were aged for 4 weeks on standard media following clone
induction and then transferred to BrdU media for 1 week. BrdU was
administered ad libitum in Drosophila food media (200ul of 6 mg/ml
BrdU in 20% sucrose per fresh vial). Dissected samples were ﬁxed for
30 min at room temperature and then washed for 30 min at room
temperature. DNA was denatured by applying a 2.2N solution of HCl
to samples for 30min at room temperature followed by neutralization
in Borax (100 mM) for 5 min and a ﬁnal 30 min PBST wash. Samples
were then stained as described above.
Antisera
Primary antibodies
Chicken anti-GFP (Abcam, USA) used at a dilution of 1:10,000;
rabbit anti-β-Gal (Cappel, USA), 1:2000; mouse anti-β-Gal (Develop-
mental Studies Hybridoma Bank; DSHB), 1:100; mouse anti-Pros
(DSHB) 1:100; mouse anti-Dl (DSHB), 1:100; mouse anti-BrdU,
1:100; rabbit anti-Pdm-1 [gift of W. Chia (Yeo et al., 1995)] 1:1000;
rabbit anti-pH3 (Upstate), 1:1000.
Secondary antibodies
Goat anti-chicken Alexa 488 (Molecular Probes, USA) used at a
dilution of 1:2000; goat anti-mouse Alexa 568 (Molecular Probes,
USA), 1:2000; goat anti-mouse Alexa 633 (Molecular Probes, USA),
1:2000; goat anti-rabbit Alexa 488 (Molecular Probes, USA), 1:2000;
goat anti-rabbit Alexa 568 (Molecular Probes, USA), 1:2000.
Mounting media
Vectashield+DAPI mounting media (Vector, USA).
Microscopy and imaging
Samples were examined on a Leica DM5000 upright ﬂuorescent
microscope. Confocal images were collected using a Leica TCS SP5
confocal microscope system. Images were processed for brightness
and contrast and assembled in Photoshop CS (Adobe, USA).
Measurements, cell counts and statistical analysis
Maximum nuclear diameter was measured in both anterior and
posterior midgut frames at 40× magniﬁcation (A2.5 and P2.5; see Lee
et al., 2009 for additional information on midgut nomenclature) using
the Leica Application Suite (LAS; Fig. 3E). We scored the number of
Pros+ or Pdm1+ cells in both anterior and posterior midgut frames
5 days following clone induction (Figs. 4D, F; 5D; 6D; S4D). The
number of GFP+ cells per frame was quantiﬁed in both the anterior
and posterior midgut at 5, 10 and 20 days following clone induction
(Fig. 7G, Supplemental Fig. 5E). In the experiments described above,
we counted cells on the top surface of the midgut and excluded cells
along the side and bottom surfaces. Combined data for anterior and
posterior regions are displayed (Figs. 3E, 7G and Supplemental Fig.
5E). To determine the number of dividing cells following UAS
transgene activation, we counted the number of GFP+ pH3+ cells
along the entire length of themidgut 48 h after temperature shift (Fig.
8B). The number of GFP−, Pros− small cells was quantiﬁed in both
anterior and posterior 40×frames and combined (Supplemental Figs.
5E, B). The number of GFP−, pH3+ small cells was counted for the
entire length of the midgut (Supplemental Fig. 2C). All t-tests were
performed using Prism (GraphPad Software, USA); signiﬁcance was
tested at the 95% CI.
Fig. 3. JAK/STAT signaling is required in the ISC lineage. (A, B) stat92E temperature shift
analysis, nuclei (DAPI, grayscale). (A) stat92ETS, unshifted controls. (B) stat92ETS, shifted
to non-permissive temperature for 14 days. Global reduction of stat92E leads to the
formation of clusters of small cells in themidgut. (C–F) TheMARCM systemwas used to
positively identify ISC lineages with GFP 5 days after induction (anti-GFP, green; DAPI,
blue). (C)Wild type ISC lineages. (D) ISC lineages lacking stat92E. Loss of stat92E leads to
generation of cells with abnormal clonal morphology and reduced nuclear size. (E)
Quantiﬁcation of nuclear size. Histogram displays the distribution of nuclear size in
wild-type (white) and stat92E lineages (black). stat92Emutant lineages fail to generate
cells of the larger nuclear size classes. The average nuclear size of wild type EB cells (Su
(H)GBE-lacZ) is indicated by a triangle; the average nuclear size of wild type EC cells
(anti-Pdm1) is indicated by a circle. (F) ISC lineages lacking hop resemble those lacking
stat92E. We note that many of the cells detected in stat92E and hop mutant lineages
exhibited the cytoplasmic foot characteristic of EB cells. Scale bar: 50 μm.
Fig. 2. JAK/STAT signaling is dynamically regulated in midgut ISCs and EBs. (A–F)
Characterizing transcriptional reporters of JAK/STAT activity in the midgut (green);
nuclei are counterstained with DAPI (blue), except in D. (A–D) 10XSTAT92E-GFP
reporter with stable GFP. (A) ISC and EB cells (esg-lacZ; red) express the 10XSTAT92E-
GFP reporter. (B) ISCs (Dl-lacZ; red) express the 10XSTAT92E-GFP reporter. (C)
Differentiated ee cells are marked with anti-Pros (red). (D) Differentiated EC cells are
marked with anti-Pdm1 (red). (E, F) 10XSTAT92E-GFPD reports expression of a
destabilized GFP. EB cells (Su(H)GBE-lacZ, red). (E) ISC and EB cells express the
destabilized reporter. (F) EBs expressing the destabilized reporter adjacent to ISCs with
no detectable expression. High magniﬁcation, inset. Scale bar: 50 μm.
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JAK/STAT signaling is dynamically regulated in the midgut
JAK/STAT activation in the midgut was examined using a
transcriptional reporter for pathway activation (Bach et al., 2007).
The reporter, 10XSTAT92E-GFP, is composed of multimerized Stat92E
consensus binding sites fused to GFP, which is expressed in a manner
that recapitulates the tissue speciﬁc distribution of Stat92E protein.
Moreover, JAK/STAT signaling is both necessary and sufﬁcient for the
activation of this reporter (Bach et al., 2007). Thus, 10XSTAT92E-GFP
functions as a high ﬁdelity reporter for JAK/STAT activity in vivo.
Examination of the adult midgut revealed the presence of
numerous 10XSTAT92E-GFP positive cells with small nuclei distributed
along the entire anterior-posterior axis of the tissue (52/52 midguts
analyzed). Previous analysis has shown that esgmarks both individual
ISCs and their undifferentiated EB daughters, which can often be
detected as pairs of cells or “doublets” in the midgut (Micchelli and
Perrimon, 2006). Thus, esg distinguishes the undifferentiated cells of
the ISC lineage from differentiated ee and EC cells. To determine the
precise identity of the cells expressing the JAK/STAT reporter, we
double labeled the midgut to reveal the distribution of esg-lacZ andthe 10XSTAT92E-GFP reporter. Double staining showed complete
marker coexpression, suggesting that the JAK/STAT signal is trans-
duced in both the ISC and EB (Fig. 2A). It has also been shown that
elevated Dl protein levels mark a subset of midgut ISCs (Ohlstein and
Spradling, 2007). Consistently, double staining of Dl-lacZ and
10XSTAT92E-GFP also showed colocalization of these reporters in
ISCs (Fig. 2B).
We next asked if JAK/STAT pathway activation could be detected
in the differentiated cells of the ISC lineage. Staining for Pros protein, a
marker for differentiated ee cells, revealed an inverse correlation with
the 10XSTAT92E-GFP reporter (Fig. 2C). Similarly, EC cells character-
ized by their large polyploid nuclei and positive staining for Pdm1 also
did not detectably express 10XSTAT92E-GFP (Fig. 2D). Taken together
these expression studies suggest that JAK/STAT signaling is trans-
duced primarily in the ISCs and EB cells.
The observation that 10XSTAT92E-GFP is expressed at elevated
levels in both the ISCs and EB cells raised the possibility that the EB
signal detected is due to GFP perdurance. To investigate this
possibility, we examined a more sensitive reporter of JAK/STAT
Fig. 5. stat92E is epistatic to Dl/N signaling for EC speciﬁcation. (A–F) The MARCM
system was used to positively identify ISC cell lineages with GFP 5 days following
induction (anti-GFP, green; DAPI, blue). (A) Wild type ISC lineages generate EC cells
distinguished by large cell morphology and are often Pdm1+ (anti-Pdm1, red). (B) ISC
lineages expressing Dlwt generate lineages enriched for EC cells (anti-Pdm1, red). (C)
ISC lineages expressing Dlwt and lacking stat92E display the stat92E85C9phenotype. (D)
Quantiﬁcation of the number of Pdm1+ cells in Dlwt and Dlwt; stat92E85C9 lineages in
both the anterior (A) and posterior (P) midgut. (E) ISC lineages expressing Nintra
generate ECs. (F) ISC lineages expressing Nintra and lacking stat92E85C9 display the
stat92E85C9phenotype. Error bars denote s.e.m. Scale bar: 50 μm.
Fig. 4. stat92E is required for multilineage differentiation. (A–F) The MARCM system
was used to positively identify ISC lineages with GFP 5 days following induction. (anti-
GFP, green; DAPI, blue). (A) Wild type ISC lineages contain esg-lacZ positive and
negative cells (anti-βgal, red). (B) ISC lineages lacking stat92E have an increased
number of esg-lacZ+ cells and a decreased number of esg-lacZ- cells (anti-βgal, red).
(C, D) stat92E85C9 mutant lineages have a signiﬁcantly reduced number of Pros+ cells
in both the anterior (A) and posterior (P) midgut. (C) Representative micrograph. (D)
Quantiﬁcation (n=8; anti-Pros, red). (E, F) stat92E85C9 mutant lineages have a
signiﬁcantly reduced number of Pdm1+ cells in both the anterior (A) and posterior (P)
midgut. (E) Representative micrograph. (F) Quantiﬁcation (n=8; anti-Pdm1, red).
Error bars denote s.e.m. Scale bar: 50 μm.
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analysis has suggested that Su(H)GBE-lacZ marks nascent EB cells
(Micchelli and Perrimon, 2006, Ohlstein and Spradling, 2007); EBs can
often be identiﬁed morphologically by the presence of a ﬂared
cytoplasmic “foot” (e.g. Fig. 2A). To determine if 10XSTAT92E-GFPD is
detectable in EB cells we crossed the reporter into a genetic
background containing Su(H)GBE-lacZ. Double labeling revealed that
10XSTAT92E-GFPD and Su(H)GBE-lacZ are both expressed at elevated
levels in EB cells (Figs. 2E, F). Importantly, detectable levels of
10XSTAT92E-GFPDreporter could also be observed in Su(H)GBE-lacZ
cells adjacent to ISCs with no detectable expression (Fig. 2F, inset).
These ﬁndings suggest that the JAK/STAT reporter is active in the EB
cell.
In marked contrast to the stable reporter line, lower levels of
expression and a great degree of heterogeneity existed in10XSTAT92E-
GFPDreporter. We observed regional differences along the anterio-
posterior axis of the midgut as well as differences among ISC/EB pairs
(Supplemental Figs. 1A, B; 50/50 midguts analyzed). In ISC/EB pairs
that both expressed the reporter, ISC expression levels were often
detectably lower than in the EB (Supplemental Figs. 1C, D). These
patterns of activity differed among individual midguts analyzed andwere observed with two independent destabilized transgenic strains
indicating that variation was not due to transgene insertion site.
Consistent with these ﬁndings, examination of upd1 and upd3
reporters revealed detectable levels of both JAK/STAT ligands
distributed throughout the midgut, although the extent of expression
varied widely even among age-matched samples (Supplemental Figs.
1E–H). Together, these observations suggest that at baseline homeo-
stasis, JAK/STAT signaling is dynamically regulated in the midgut at
both the regional and cellular level.
JAK/STAT signaling is required in the ISC lineage
Characterization of 10XSTAT92E-GFP transcriptional reporters
suggested that the JAK/STAT pathway might have a function in the
midgut. To directly test the functional requirement of JAK/STAT, the
effects of partially reducing JAK/STAT signaling were examined using
a temperature sensitive, hypomorphic allelic combination of stat92E,
stat92EF/ stat92E06346 (referred to subsequently as statTS). The
distribution of cell nuclei in statTS adults was examined in DAPI
stained samples following a 14-day shift to the non-permissive
temperature. In contrast to unshifted controls, statTS adults exhibited
an aberrant midgut organization characterized by the presence of
Fig. 7. JAK/STAT is not required for ISC self-renewal. (A–G) The MARCM system was
used to positively identify ISC lineages with GFP between 5 and 20 days after induction
(anti-GFP, green; anti-pH3, red; DAPI, blue). (A, C, E). 5 days after induction (B, D, F)
20 days after induction. (A, B) Wild type ISC lineages retain dividing ISCs. (C, D) ISC
lineages lacking hopC111. 20 days after induction hopC111 clones have detectable pH3+
expression. (B) ISC lineages lacking stat92E. 20 days after induction stat92E85C9 clones
have detectable pH3+ expression. (G) Wild type, hopC111 and stat92E85C9 mutant
lineages are detectable in the midgut 20 days following induction. Error bars denote s.
e.m. Scale bar: 50 μm.
Fig. 6. stat92E is epistatic to Dl/N signaling for ee speciﬁcation. (A–D) The MARCM
system was used to positively identify ISC lineages with GFP 5 days following induction
(anti-GFP, green; anti-Pros, red; DAPI, blue). (A) ISC clones lacking N generate clusters
of Pros+ and Pros− cells. (B) ISC clones expressing NRNAi generate clusters of Pros+ and
Pros− cells. Note the presence of some ECs at early time points due to residual N
activity. (C) ISC lineages expressing NRNAi and lacking stat92E85C9 resulted in a loss of
the Pros+ cells. The occasional ECs observed in the NRNAi lineages were not observed in
NRNAi, stat92E85C9 lineages. (D) Quantiﬁcation. The number of Pros+ cells in NRNAi,
stat92E85C9 lineages is signiﬁcantly reduced in both the anterior (A) and posterior (P)
midgut (n=8). Error bars denote s.e.m. Scale bar: 50 μm.
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(Figs. 3A, B; 6/8 midguts analyzed). Moreover, cells within the cluster
typically displayed a small nuclear morphology unlike that of
differentiated EC cells. Such clusters appeared to be the product of
individual ISCs, although this could not be veriﬁed due to the absence
of a genetic lineage marker.
To examine the consequence of reducing JAK/STAT signaling from
individual ISC lineages we conducted a mosaic analysis of the stat92E.
Positively marked ISC lineages were generated in the adult midgut
using the MARCM system (Lee and Luo, 1999) and identiﬁed on the
basis of GFP expression 5 days after induction (Figs. 3C–E). In contrast
to wild type cell lineages, ISCs lacking stat92E produced lineages
consisting of smaller cells with the clones themselves often appearing
fragmented (compare Figs. 3C, D). Measurements of nuclear diameter
indicated that daughter cells failed to attain the maximal nuclear size
detected in wild type lineages (Fig. 3E). ISC lineages lacking hop
produced a similar phenotype (Fig. 3F). Together, this analysis
suggests that JAK/STAT signaling is required for normal differentia-
tion in the ISC lineage.
In our mosaic analysis, we occasionally observed that the overall
organization of the midgut epithelium was disrupted. For example,
regions of increased small cell number could be detected in
heterozygous tissue (e.g. GFP− cells in Fig. 3D) raising the possibility
that an increased number of small cells exist in the genetic
background used to generate clones. To address this possibility we
quantiﬁed the number of small cells in uninduced wild type and
stat92E85C9 midguts used in our mosaic analysis however, no
signiﬁcant difference was observed (Supplemental Fig. 2A). A second
possible explanation is that stat92E85C9 clones can exert a non-
autonomous effect on the surrounding tissue. To examine this
possibility we quantiﬁed the number of both GFP− small cells and
pH3+ cells in inducedwild type and stat92E85C9midguts and observed
a signiﬁcant increase in each measure (Supplemental Figs. 2B, C).Thus, the variation in themidgut epitheliumwe observe is not a result
of genetic background but is consistent with a non-autonomous effect
of stat92E clone induction.
JAK/STAT signaling is required for differentiation in the ISC lineage
Clone morphology suggested that ISC lineages unable to transduce
the JAK/STAT signal fail to undergo normal multilineage differenti-
ation. To more rigorously analyze cell fate in JAK/STAT mutant
lineages, we examined a panel of molecular markers. In wild type
lineages esg is expressed in ISCs and EBs, but not in either of the two
differentiated cell types of the midgut, the ee or EC cells (Fig. 4A;
Fig. 8. JAK/STAT activation promotes ISC proliferation. (A–D) Expression of upd leads to
an increase in ISC proliferation. (A, B) Conditional expression of upd using the esgGal4,
UAS-GFP, tubGal80TS driver (anti-GFP, green; anti-pH3, grayscale; DAPI, blue). (A)
Expression of upd is sufﬁcient to increase the number of pH3+ cells 48 h after
induction. (B) Quantiﬁcation. Note that simultaneous reduction of N activity using a
dominant negative construct leads to a further increase in pH3+ cell number. (C, D)
Expression of upd using the Flp-out (F/O) cassette (anti-GFP, green; anti-pH3,
grayscale; DAPI, blue). (C) Cells marked in Flp-out experiments were associated with
increased numbers of pH3+ cells. (D) Many marked cells rapidly delaminate from the
midgut, as seen here in cross section. (E, F) ISC lineages expressing the activated form of
hop (hopTum) are rapidly lost from the midgut (anti-GFP, green; anti-Pros, red; DAPI,
blue). (E) hopTum lineages 5 days after induction. (F) hopTum lineages 10 days after
induction. Error bars denote s.e.m. Scale bar: 50 μm.
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stat92E85C9 lineages revealed that almost every cell present was esg+
(Fig. 4B; 18/18midguts analyzed), suggesting that ee and EC cells had
not differentiated. To test this directly, we examined the expression of
prospero (pros) a marker of the ee cell population. Pros positive cells
were rarely detectable within stat92E85C9mutant lineages (Figs. 4C, D;
47/47 midguts examined; wild type, n=8; stat92E85C9, n=8).
Differentiated EC cells are distinguished by their large, polyploid
nuclei and are often Pdm1+. Inspection of stat92E85C9 lineages
revealed a reduction or absence of Pdm1 staining (Figs. 4E, F; 21/21
midguts examined; wild type, n=8; stat92E85C9, n=8). Taken
together, these observations suggest that stat92E is required for
differentiation of both ee and EC cells.
Analysis of marker gene expression suggested that multilineage
differentiation does not occur in the absence of stat92E; to determine
if ISCs were present in lineages lacking JAK/STAT signaling we
examined the distribution of Dl protein. As in the case of wild type
lineages, Dl protein could be detected, suggesting that ISCs are present
in the absence of JAK/STAT, however the level of expression often
appeared to be reduced.Dl is sufﬁcient to specify EC cell fate
Prior studies indicate that Dl/N signaling is critical to correctly
specify cell fate within the ISC lineage (Supplemental Fig. 4A;
Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006).
Therefore, we next performed an epistasis analysis to determine the
relationship between JAK/STAT and Dl/N signaling in the ISC lineage.
We ﬁrst examined the consequences of expressing a wild type Dl
transgene (Dlwt) in ISC lineages and followed cell fate in the resultant
lineage. Here, we employ the MARCM system to trace the lineages of
individual ISCs expressing Dlwt for 5 days following induction. To
assay cell fate, Pdm1 and nuclear size were used to identify EC cells,
while Pros was used to identify ee cells. Interestingly, even in wild
type controls ISC lineages could frequently be observed that consisted
entirely of EC cells and lacked Pros+ cells (Supplemental Fig. 4B). This
trend is most pronounced in the anterior midgut; in the posterior, the
majority of wild type clones contained one or more Pros+ cells in
addition to ECs (Supplemental Fig. 4D). These observations suggest
that there are signiﬁcant regional differences affecting cell fate in the
ISC lineage.
To quantify the effect of Dlwt expression in ISC lineages we scored
the number of Pros+ cells in the lineage. In contrast to wild type, ISC
lineages expressing Dlwt resulted in a signiﬁcant decrease in the
number of clones containing Pros+ cells within the lineage (Supple-
mental Figs. 4C, D; wild type, n=12; Dlwt, n=12). In addition,
staining with the ECmarker Pdm1 suggested that ISCs expressing Dlwt
produce lineages consisting almost entirely of ECs (Figs. 5A, B;
Supplemental Fig. 4E). These effects on cell fate were also observed
in Dlwt expressing clones analyzed 10 days after induction, suggesting
that the reduction in Pros+ cellswas not simply due to a delay in ee cell
differentiation (Supplemental Fig. 4F). We note that at later time
points, ISCs expressing Dlwt also produced large clones that appeared
to contain many undifferentiated cells, as they were negative for both
Pros and Pdm1 (Supplemental Fig. 4F). Such cells appeared to most
closely resemble ectopic ISCs or EBs, raising the possibility that Dl has
an additional role in regulating ISC proliferation. Taken together, these
ﬁndings demonstrate that Dlwt is sufﬁcient to specify EC cell fate at the
expense of ee cells and supports a model in which ISCs signal non-
autonomously to nascent EB cells to specify the EC cell fate (Micchelli
and Perrimon, 2006; Ohlstein and Spradling, 2007).
JAK/STAT is epistatic to Dl/N signaling in multilineage differentiation
To determine if stat92E is required for Dl-mediated EC cell fate
speciﬁcation we conducted a mosaic analysis of ISC lineages
expressing Dlwt but lacking stat92E85C9 function. In contrast to Dlwt
expressing lineages alone, Dlwt, stat92E85C9 lineages appeared to lack
differentiated EC cells based on the reduced number of Pdm1+ cells
and were virtually indistinguishable from stat92E85C9mutants (com-
pare Figs. 5B, C and Fig. 4E). Similar results were also obtained by
analyzing a second allele, stat92E06346 (Supplemental Fig. 5C).
A quantitative analysis was performed to determine the effect of
stat92E85C9 loss on Dlwt expressing lineages by comparing the number
of Pdm1+ cells present in Dlwt lineages with the number of Pdm1+
cells present in Dlwt, stat92E85C9 lineages. This analysis revealed a
signiﬁcant decrease in the number of Pdm1+ GFP+ cells in Dlwt,
stat92E85C9 lineages compared to Dlwt alone (Fig. 5D; Dlwt, n=12;
Dlwt, stat92E85C9, n=12). Consistent with this ﬁnding, we observe that
differentiated ECs induced by cell autonomous N activation were also
blocked by the loss of stat92E (Figs. 5E, F; 29/29 midguts analyzed).
Thus, although stat92E is required in the ISC for normal levels of Dl
expression (SFig. 3), our epistasis analysis shows that stat92E is also
necessary for EC differentiation in the presence of Dl/N signaling.
We next sought to extend the epistasis analysis to determine
the requirement for JAK/STAT in differentiation of ee cells.
Previous analysis has demonstrated that ISC lineages lacking N
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comprised of ectopic ISCs and clones that appear to be comprised
of ectopic ee cells (Fig. 6A; Ohlstein and Spradling, 2006). To test
whether JAK/STAT signaling is required for ee differentiation, we
asked if the production of Pros+ ee cells present in N mutant
lineages depends on the JAK/STAT signaling pathway. To test this
requirement, genetic mosaics were created in which both N and
stat92E functions were reduced. In contrast to NRNAi, mosaic
analysis of NRNAi, stat92E85C9 clones revealed a reduction in ee
cells (Figs. 6B, C; 30/30 midguts examined). Similar results were
obtained by analyzing a second hypomorphic allele, stat92E06346
(Supplemental Fig. 5D).
A quantitative analysis was performed to determine the effect of
stat92E85C9 loss on NRNAi expressing lineages. This analysis revealed a
signiﬁcant decrease in the number of Pros+ GFP+ cells in NRNAi,
stat92E85C9 lineages compared to NRNAi alone (Fig. 6D; NRNAi, n=8;
NRNAi, stat92E85C9, n=8). Thus, the transcription factor encoded by
stat92E is required downstream or in parallel to N, suggesting that
stat92E is also required in EB cells for ee differentiation.
Little evidence that JAK/STAT signaling is required for ISC self-renewal
Analysis of the 10XSTAT92E-GFP transcriptional reporters revealed
detectable expression in ISCs (Figs. 2A, B), suggesting that JAK/STAT
signaling might also have a function in the ISC. Studies of Drosophila
germline stem cells ﬁrst employed a genetic lineage-tracing assay to
measure stem cell self-renewal (Margolis and Spradling, 1995). A
pulse/chase design was used to determine the number of marked
stem cell lineages retained in the midgut at deﬁned times following
induction. To determine if JAK/STAT signaling is required for ISC self-
renewal we generated labeled ISCs lacking components of the JAK/
STAT signaling pathway and analyzed the lineages at 5, 10, and
20 days after induction. In controls, wild type lineages could be
detected in the midgut throughout the chase interval. Similarly, in
hopC111 and stat92E85C9 mutants, marked lineages were detectable in
the midgut 20 days after induction (Figs. 7A–F).
A quantitative analysis was performed to examine the effect of
JAK/STAT loss on ISC self-renewal. As noted above, loss of JAK/STAT
signaling often results in a distinct clonal morphology and the
inability to unambiguously identify individual clones (e.g. Figs. 3D, F).
As such, clone number is not a suitable measure of ISC number in the
JAK/STAT mutants we examined. Therefore, to approximate the
number of ISCs we scored the number of GFP+ daughter cells in
deﬁned regions of each sample. Quantiﬁcation of the pulse/chase
studies showed that reductions in hopC111, stat92E85C9, or stat92E06346
were associated with the retention of 67%, 22% or 31% of labeled cells,
respectively, at 20 days after induction (n=12; Fig. 7G, Supplemental
Fig. 5E). In addition, we observed that hopC111 and stat92E85C9 lineages
could be identiﬁed at late time points that stained positively for both
pH3 and BrdU, suggesting that JAK/STAT is not absolutely required for
ISC proliferation (Figs. 7B, D, F and Supplemental Fig. 6D, E). We also
note that hyperplastic stat92E clones could be detected at late time
points suggesting that JAK/STAT may be a necessary modulator of ISC
proliferation (Supplemental Figs. 6A–C). Taken together these data
suggest that ISC self-renewal is not grossly disrupted in the absence of
JAK/STAT signaling.
The JAK/STAT pathway promotes ISC proliferation
To determine if the levels of JAK/STAT signaling affect the ISC
lineage, we examined the consequences of pathway activation in the
midgut. Using conditional Gal4 induction in esg+ cells (esgTS), we ﬁrst
examined the effect of expressing the JAK/STAT ligand upd on the
number of pH3+ cells 2 days after induction. Quantiﬁcation revealed a
signiﬁcant increase in the number pH3+ cells following upd
expression, compared to both wild type controls and the expressionof a dominant negative form of N (n=18; Figs. 8A, B). The effect of
upd expression on proliferation was enhanced by simultaneous
expression of a dominant negative form of N, as would be predicted
if Upd acts directly on ISCs to stimulate proliferation (n=18; Fig. 8B).
Similar increases in pH3+ were obtained when upd was expressed
using the FLP-out (F/O) technique (27/27 midguts examined; Fig.
8C). However, in addition to the increase in pH3+ cells, we also
observed many cells that appeared to be in the process of delaminat-
ing from the midgut epithelium (Fig. 8D). Finally, using the MARCM
system we generated ISC lineages expressing constitutively active
hopTum(Harrison et al., 1995); such clones were rapidly lost from the
midgut (7/7 midguts examined; Figs. 8E, F). Thus, activation of JAK/
STAT signaling promotes ISC proliferation in the midgut, although this
response may depend on the precise level and cell types in which the
pathway is activated.
Discussion
Stem cells, JAK/STAT and self-renewal
A series of studies have addressed the requirement of JAK/STAT
signaling for stem cell self-renewal in distinct Drosophila stem cell
populations. For instance,male germline stem cells (GSCs) are arrayed
in rosette like pattern around a focus of “hub” cells situated at the
apical tip of the testis. Hub cells are a source of Upd ligand; GSCs
lacking the ability to transduce the JAK/STAT signal are detectably
reduced by 5 days and completely lost after 9 days. In contrast,
misexpression of the Upd ligand increases the number of GSC like cells
in the testis and mitigates GSC loss at the hub (Kiger et al., 2001;
Tulina and Matunis, 2001; Boyle et al., 2007). Thus, JAK/STAT
functions as a signal for GSC self-renewal. The rapid failure of stem
cell self-renewal and concomitant depletion of the stem cell
compartment following loss of JAK/STAT has subsequently been
reported for female GSCs, cyst progenitor cells (CPCs), follicle stem
cells (FSCs), and renal stem cells (RNSCs) (Kiger et al., 2001; Tulina
and Matunis, 2001; Deccota and Spradling, 2005; Singh et al., 2007).
Thus, the theme that has emerged is that JAK/STAT signaling is
generally required for Drosophila stem cell self-renewal.
Our studies have revealed an exception to this generalization.
Here, we examined the consequences of JAK/STAT loss in the midgut
up to 20 days following induction (∼40% of the ﬂy lifetime), at which
point marked ISC lineages were still detected. Consistently, BrdU and
pH3 staining suggested that ISCs were still capable of dividing up to
5 weeks in the absence of JAK/STAT signaling. Finally, very large
stat92E clones could occasionally be detected in the midgut. Taken
together, these ﬁndings are not consistent with a requirement for
JAK/STAT in ISC self-renewal. We note that our studies differed from
the aforementioned in one respect, experimental limitations pre-
vented us from unambiguously identifying individual ISC lineages.
Therefore the number of stem cell progeny at each time point was
scored, to infer the presence of stem cells. While these experiments do
not rule out a requirement for JAK/STAT in long term ISC
maintenance, they provide little evidence that JAK/STAT signaling is
required for ISC self-renewal.
JAK/STAT coordinates competence to undergo multilineage
differentiation and ISC proliferation
Two lines of evidence support a role for JAK/STAT signaling in
multilineage differentiation of ISC daughters. First, a synthetic JAK/
STAT transcriptional reporter is expressed throughout the midgut;
coexpression studies demonstrate that JAK/STAT signaling occurs in
Su(H)GBE-lacZ+ cells, a marker for undifferentiated EB daughter
cells. In addition, we observe JAK/STAT reporter expression in
daughters adjacent to ISCs, which have no detectable JAK/STAT
reporter expression themselves, suggesting this is not due to GFP
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pathway in marked ISC lineages leads to morphologically aberrant
clones with reduced nuclear diameter, and the production of cells that
lack molecular markers of either differentiated ee or EC cell types.
Given this requirement of JAK/STAT signaling for both ee and EC cell
differentiation, we might predict that activation of the JAK/STAT
pathway would not be sufﬁcient to affect cell fate. Consistently,
analysis of ISC lineages in which JAK/STAT signaling is constitutively
active was found to have no discernible effect on fate. Thus, JAK/STAT
signaling is necessary but not sufﬁcient for cell fate speciﬁcation of ISC
daughters. As such, we conclude that JAK/STAT signaling is necessary
to establish competence for EBs to undergo multilineage
differentiation.
In addition to the requirement for JAK/STAT in ISC daughters,
our studies demonstrate that JAK/STAT signaling is a potent
regulator of ISC proliferation. First, co-labeling studies with
transcriptional reporters indicated that JAK/STAT signaling is
activated in cells that express ISC marker genes. Second, ectopic
expression of Upd ligand resulted in a rapid increase in proliferation
throughout the midgut. Third, the effect of Upd on proliferation was
enhanced under conditions in which N signaling was simultaneous-
ly reduced, suggesting that upd is sufﬁcient to directly stimulate ISC
proliferation. Our analysis suggests that JAK/STAT signaling may
also be necessary to regulate the ISC proliferation, perhaps via both
canonical and non-canonical pathways (e.g. Figs. 7A, C, E; SFig. 6A–
C). Thus, JAK/STAT signaling has dual, yet separable roles in the ISCs
and their immediate daughters. On the basis of these ﬁndings, we
suggest a model in which JAK/STAT signaling coordinates the
processes of stem cell proliferation with the competence of
daughter cells to undergo multilineage differentiation, ensuring a
rapid and robust cellular output in the lineage (Supplemental Fig.
7). JAK/STAT mediated gaiting of proliferation and differentiation
may be particularly important in the midgut where ISCs and their
undifferentiated daughters are typically found in a poised, “doublet”
conﬁguration. These conclusions are in general agreement with
recent reports (Jiang et al., 2009).
N and JAK/STAT signaling pathways interact to regulate the ISC lineage
We have conducted genetic epistasis experiments to determine
the nature of the interaction between Dl/N signaling and the JAK/
STAT signaling pathway in the ISC lineage. Our experiments show that
while JAK/STAT is required for wild type levels of Dl expression in the
ISC, the requirement for JAK/STAT in EB differentiation is independent
of Dl/N signaling. This observation suggests that JAK/STAT functions
downstream or in parallel with Dl to establish competence of EBs to
undergo differentiation. Recent studies, however, suggest a different
relationship. Studies of midgut regeneration show that Dl ligand is
strongly induced in ISCs following Upd ligand expression, directed
epithelial cell ablation or bacterial infection (Jiang et al., 2009; Buchon
et al., 2009). These studies suggest that under conditions of adaptive
homeostasis, Upd ligands are produced in gut epithelial cells and
activate Dl in ISCs to promote new cell production. Consistent with
thismodel, we observe that expression of Dl leads to an increase in the
size of ISC lineages, suggesting a potential role for Dl in promoting ISC
proliferation. Thus, there is evidence that JAK/STAT signaling
functions both upstream and downstream of Dl/N in the ISC lineage.
Regulation of Upd ligands at baseline and adaptive homeostasis
At baseline homeostasis, the most distinctive feature of Upd
ligand expression that we observe is heterogeneity among age-
matched samples. Prior studies show that Upd ligands are strongly
induced following bacterial infection, directed cell ablation, or stress
signaling (Buchon et al., 2009; Jiang et al., 2009; Cronin et al., 2009).
It remains an open question as to whether Upd ligand expressionand associated JAK/STAT activity that we report here is a direct
manifestation of midgut stress, albeit to a lesser extent in
unchallenged animals, or if there is a distinct regulation of Upd
ligands under baseline homeostasis. Previous studies indicate that
apoptosis and stress signaling are both detectable in the adult
midgut at baseline homeostasis (Ohlstein and Spradling, 2006;
Biteau et al., 2008). Studies of antimicrobial peptide reporters,
which serve as markers of infection, indicate a limited signal in the
adult midgut (Tzou et al., 2000). Nonetheless, a degree of infection
undetectable by such reporters under conditions of laboratory
culture is possible. If activation of Upd ligands is exclusively
regulated in response to exogenous factors this would provide an
efﬁcient means of coupling the ISC proliferative response to the
magnitude, duration and location of the stimulus. However, in this
view one might predict that the additive effects of locally generated
stress in the midgut under normal circumstances would, over time,
lead to a distortion of tissue architecture. On the other hand, if there
is also a distinct regulation of Upd ligands under baseline
homeostasis, this might contribute to a stereotyped mode of growth
control and tissue homeostasis, in conjunction with other signals
known to regulate ISC proliferation (Lin et al., 2008; Lee et al.,
2009). Such models are not mutually exclusive. Future experiments,
which clarify the precise mechanisms of Upd ligand regulation will
provide important insights into the control of the ISC lineage under
a broad range of biological conditions.
Acknowledgments
We thank H. Agaisse, S. Artavanis-Tsakonis, S. Blair, S. Bray, L.
Cooley, S. Hayashi, K. Irvine, L. Kockel, N. Perrimon, and J. Skeath for ﬂy
stocks, R. Binari for the hopC111 FRT19A recombinant chromosome, G-H.
Baeg for generously sharing 10XSTAT92E-GFP reporter strains and
RNAi lines prior to publication, and the Bloomington stock center for
generously providing Drosophila strains; W. Chia, X. Yang, and the
Developmental Studies Hybridoma Bank for generously providing
Drosophila antibodies. K.B. is an Olin Fellow, C.A.M. is a Pew
Biomedical Research Scholar.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2009.10.045.
References
Agaisse, H., Petersen, U.M., Boutros, M., Mathey-Prevot, B., Perrimon, N., 2003. Signaling
role of hemocytes in Drosophila JAK/STAT-dependent response to septic injury.
Dev. Cell 5, 441–450.
Arbouzova, N.I., Zeidler, M.P., 2006. JAK/STAT signalling in Drosophila: insights into
conserved regulatory and cellular functions. Development 133, 2605–2616.
Bach, E.A., Ekas, L.A., Ayala-Camargo, A., Flaherty, M.S., Lee, H., Perrimon, N., Baeg, G.H.,
2007. GFP reporters detect the activation of the Drosophila JAK/STAT pathway in
vivo. Gene Expr. Patterns 7, 323–331.
Baksa, K., Parke, T., Dobens, L.L., Dearolf, C.R., 2002. The Drosophila STAT protein,
Stat92E, regulates follicle cell differentiation during oogenesis. Dev. Biol. 243,
166–175.
Bello, B.C., Hirth, F., Gould, A.P., 2003. A pulse of the Drosophila Hox protein abdominal-
A schedules the end of neural proliferation via neuroblast apoptosis. Neuron 37,
209–219.
Binari, R., Perrimon, N., 1994. Stripe-speciﬁc regulation of pair-rule genes by hopscotch,
a putative Jak family tyrosine kinase in Drosophila. Genes Dev. 8, 300–312.
Biteau, B., Hochmuth, C.E., Jasper, H., 2008. JNK activity in somatic stem cells causes loss
of tissue homeostasis in the aging Drosophila gut. Cell Stem Cell 3, 442–455.
Boyle,M.,Wong, C., Rocha,M., Jones, D.L., 2007. Decline in self-renewal factors contributes
to aging of the stem cell niche in the Drosophila testis. Cell Stem Cell 1, 470–478.
Buchon, N., Broderick, N.A., Poidevin, M., Pradervand, S., Lemaitre, B., 2009. Drosophila
intestinal response to bacterial infection: activation of host defense and stem cell
proliferation. Cell Host Microbe. 5, 200–211.
Cronin, S.J., Nehme, N.T., Limmer, S., Liegeois, S., Pospisilik, J.A., Schramek, D.,
Leibbrandt, A., Simoes, R.D., Gruber, S., Puc, U., Ebersberger, I., Zoranovic, T.,
Neely, G.G., von Haeseler, A., Ferrandon, D., Penninger, J.M., 2009. Genome-wide
RNAi screen identiﬁes genes involved in intestinal pathogenic bacterial infection.
Science 325, 340–343.
37K. Beebe et al. / Developmental Biology 338 (2010) 28–37Deccota, E., Spradling, A.C., 2005. The Drosophila ovarian and testis stem cell niches:
similar somatic stem cells and signals. Dev. Cell 9, 501–510.
Fuller, M.T., Spradling, A.C., 2007. Male and female Drosophila germline stem cells: two
versions of immortality. Science 316, 402–404.
Furriols, M., Bray, S., 2001. A model Notch response element detects suppressor of
hairless-dependent molecular switch. Curr. Biol. 11, 60–64.
Ghiglione, C., Devergne, O., Georgenthum, E., Carballes, F.,Medioni, C., Cerezo, D., Noselli,
S., 2002. The Drosophila cytokine receptor Domeless controls border cell migration
and epithelial polarization during oogenesis. Development 129, 5437–5447.
Goto, S, Hayashi, S., 1999. Proximal to distal cell communication in the Drosophila leg
provides a basis for an intercalary mechanism of limb patterning. Development
126, 3407–3413.
Gregory, L., Came, P.J., Brown, S., 2008. Stem cell regulation by JAK/STAT signaling in
Drosophila. Semin. Cell Dev. Biol. 19, 407–413.
Harrison, D.A., Binari, R., Nahreini, T.S., Gilman, M., Perrimon, N., 1995. Activation of a
Drosophila Janus kinase (JAK) causes hematopoietic neoplasia and developmental
defects. EMBO J. 14, 2857–2865.
Harrison, D.A., McCoon, P.E., Binari, R., Gilman, M., Perrimon, N., 1998. Drosophila
unpaired encodes a secreted protein that activates the JAK signaling pathway.
Genes Dev. 12, 3252–3263.
Hou, X.S., Melnick, M.B., Perrimon, N., 1996. Marelle acts downstream of the Drosophila
HOP/JAK kinase and encodes a protein similar to the mammalian STATs. Cell 84,
411–419.
Ito, K., Awano, W., Suzuki, K., Hiromi, Y., Yamamoto, D., 1997. The Drosophila
mushroom body is a quadruple structure of clonal units each of which contains a
virtually identical set of neurones and glial cells. Development 124, 761–771.
Jiang, H., Patel, P.H., Kohlmaier, A., Grenley, M.O., McEwen, D.G., Edgar, B.A., 2009.
Cytokine/JAK/STAT Signaling mediates regeneration and homeostasis in the
Drosophila midgut. Cell 137, 1343–1355.
Jones, D.L., Wagers, A.J., 2008. No place like home: anatomy and function of the stem
cell niche. Nat. Rev. Mol. Cell Biol. 9, 11–21.
Jonsson, F., Knust, E., 1996. Distinct functions of the Drosophila genes Serrate and Delta
revealed by ectopic expression duringwing development. Dev. Genes Evol. 206 (2),
91–101.
Kidd, S., Kelley, M.R., Young, M.W., 1986. Sequence of the notch locus of Drosophila
melanogaster: relationship of the encoded protein to mammalian clotting and
growth factors. Mol. Cell Biol. 6, 3094–3108.
Kiger, A.A., Jones, D.L., Schultz, C., Rogers, M.B., Fuller, M.T., 2001. Stem cell self-renewal
speciﬁed by JAK/STAT activation in response to a support cell cue. Science 294,
2542–2545.
Lee, T, Luo, L., 1999. Mosaic analysis with a repressible cell marker for studies of gene
function in neuronal morphogenesis. Neuron 22, 451–461.
Lee, W.C., Beebe, K.B., Sudmeier, L., Micchelli, C.A., 2009. Adenomatous polyposis coli
regulates Drosophila intestinal stem cell proliferation. Development 136, 2255–2264.Lin, G., Xu, N., Xi, R., 2008. Paracrine Wingless signaling controls self-renewal of
Drosophila intestinal stem cells. Nature 455, 310–312.
Margolis, J., Spradling, A., 1995. Identiﬁcation and behavior of epithelial stem cells in
the Drosophila ovary. Development 121, 3797–3807.
McGregor, J.R., Xi, R., Harrison, D.A., 2002. JAK signaling is somatically required for
follicle cell differentiation in Drosophila. Development 129, 705–717.
Micchelli, C.A., Perrimon, N., 2006. Evidence that stem cells reside in the adult
Drosophila midgut epithelium. Nature 439, 475–479.
Morin, X, Daneman, R, Zavortink, M, Chia, W., 2001. A protein trap strategy to detect
GFP-tagged proteins expressed from their endogenous loci in Drosophila. Proc.
Natl. Acad. Sci. U. S. A. 98, 15050–15055.
Ohlstein, B., Spradling, A., 2006. The adult Drosophila posterior midgut is maintained by
pluripotent stem cells. Nature 439, 470–474.
Ohlstein, B., Spradling, A., 2007. Multipotent Drosophila intestinal stem cells specify
daughter cell fates by differential notch signaling. Science 315, 988–992.
Rebay, I., Fehon, R.G., Artavanis-Tsakonas, S., 1993. Speciﬁc truncations of Drosophila
Notch deﬁne dominant activated and dominant negative forms of the receptor. Cell
74, 319–329.
Röttgen, G., Wagner, T., Hinz, U., 1998. A genetic screen for elements of the network that
regulates neurogenesis in Drosophila. Mol. Gen. Genet. 257, 442–451.
Samakovlis, C., Manning, G., Steneberg, P., Hacohen, N., Cantera, R., Krasnow, MA., 1996.
Genetic control of epithelial tube fusion during Drosophila tracheal development.
Development 122, 3531–3536.
Silver, D.L., Montell, D.J., 2001. Paracrine signaling through the JAK/STAT pathway
activates invasive behavior of ovarian epithelial cells in Drosophila. Cell 107,
831–841.
Silver, D.L., Geisbrecht, E.R., Montell, D.J., 2005. Requirement for JAK/STAT signaling
throughout border cell migration in Drosophila. Development 132, 3483–3492.
Singh, S.R., Liu, W., Hou, S.X., 2007. The adult Drosophila malpighian tubules are
maintained by multipotent stem cells. Cell Stem Cell 1, 191–203.
Struhl, G., Fitzgerald, K., Greenwald, I., 1993. Intrinsic activity of the Lin-12 and Notch
intracellular domains in vivo. Cell 74, 331–345.
Tsai, Y.C., Sun, Y.H., 2004. Long-range effect of upd, a ligand for Jak/STAT pathway, on
cell cycle in Drosophila eye development. Genesis 39, 41–53.
Tulina, N., Matunis, E., 2001. Control of stem cell self-renewal in Drosophila
spermatogenesis by JAK-STAT signaling. Science 294, 2546–2549.
Tzou, P., Ohresser, S., Ferrandon, D., Capovilla, M., Reichhart, J.M., Lemaitre, B.,
Hoffmann, J.A., Imler, J.L., 2000. Tissue-speciﬁc inducible expression of antimicro-
bial peptide genes in Drosophila surface epithelia. Immunity 13, 737–748.
Xu, T., Rubin, G.M., 1993. Analysis of genetic mosaics in developing and adult
Drosophila tissues. Development 117, 1223–1237.
Yeo, S.L., Lloyd, A., Kozak, K., Dinh, A., Dick, T., Yang, X., Sakonju, S., Chia, W., 1995. On
the functional overlap between two Drosophila POU homeo domain genes and the
cell fate speciﬁcation of a CNS neural precursor. Genes Dev. 9, 1223–1236.
